Introduction 1
Advection and dispersion in obstructed flows play an important role in the ecology of many 2 environmental systems. In groundwater flows, the interaction of flow with the grain matrix or 3 lenses of varied porosity may result in the spread of a toxic contaminant plume, with acute effects 4 on human health [1] . In wetland systems, many arthropods and macrophytes rely on water 5 currents for the passive dispersal of larval stages and seeds [2, 3] . Furthermore, larger organisms 6 rely on chemical signals in the water column for information necessary for foraging and mating, 7 and these signals may be mediated by flow through the aquatic canopy [4] .
8
Because vertical mixing is slow within wetland canopies, it is often important to understand 9 dispersion processes before the constituent of interest has mixed across the full water depth, i.e., in the near field. For example, in a salt marsh canopy, the depth-averaged fluid velocity When a varies with height above the bed z (see Fig. 1 ), there are two length scales of 8 velocity variation within the canopy: variation at the scale of the stem due to fluctuations in 9 u(x, y) and variation due to the mean velocity shear u = f (z). Both of these velocity 10 fluctuations contribute to dispersion. Further, when properly defined, these individual dispersive 11 processes are additive. For ad < 0.1, the stem-scale dispersion, characterized by the coefficient 
where C D is a non-dimensional drag coefficient. To simplify the expression given by White and
16
Nepf [9], we have taken the recommended values for constants given in that paper.
17
To characterize the mean-shear dispersion, we must first characterize the velocity variation 18 over depth. Under steady, uniform, two-dimensional flow through an emergent canopy, the 19 longitudinal momentum equation reduces to a balance between the drag and pressure forces, i.e.,
where g is the gravitational constant and ∂η/∂x is the water surface slope. Strictly speaking the 22 pressure term (right-hand side of Eq. 2) should account for the effect of porosity (1 − ad), but we 23 will neglect it here for a canopy with ad < 0. shown that to first order the shape dependence of C D is negligible and the flow through an array 7 depends primarily on the frontal area a rather than the specific shape of the elements [7, 12] .
8
Because the right-hand side of Eq. 2 is not a function of height above the bed, C D a u 2 must also 9 be constant over depth. It therefore follows that the velocity varies inversely with the local canopy 10 morphology, represented by C D a:
This equation has been shown to correctly predict the velocity profile structure over a salt marsh 13 platform [6] . Note that, because C D may vary with velocity, the solution to Eq. 3 will require 14 iteration unless a constant C D can be assumed throughout the canopy.
15
Eq. 3 implies that when the canopy morphology is heterogeneous, e.g. only:
The overbar on C D a indicates the value of C D a corresponding to the depth-averaged velocity U ,
. Under the action of dispersion, the longitudinal 10 spatial variance of the cloud, σ 2 x , will increase at the rate dσ 2 x /dt = 2K a , where K a is given by
11
Eq. 4 or 6.
12
Eqs. 4 and 6 can be extended to predict the behavior of tracer in the near field. Before a 13 tracer released at height z r has mixed over depth, we define its effective vertical scale, ∆h, as the 14 equivalent water depth that would yield the same dispersion coefficient at a given longitudinal 15 position, and we let U denote the cross-sectionally averaged velocity over ∆h. Based on diffusion 16 scaling, if D z is constant the effective vertical length-scale of the cloud is expected to increase as:
where β is an O(1) scale constant. Eq. 7 can be used to define the integration limits for Eqs. 4 ∆h. Then the evolution of the cloud can be evaluated by alternately applying Eq. 6 1 (or Eq. 4) and Eq. 7 to predict σ 2 x (t).
2
The appropriate value for the diffusion scale constant β can be determined as follows. Mauri 3 and Haber [18] provide an analytic solution for tracer growth due to dispersion in linear shear, i.e.
4
constant ∂ u /∂z:
where the vertical diffusion is assumed constant over the vertical region of the tracer, which is 7 reasonable for a small cloud. This analytic solution for σ 2 x (t) provides an exact point of
x (t) predicted using numerical integration of Eq. 4. Using a representative field
, the value β = 3.2 provides the best agreement between the numerical 10 and analytic solutions. This value will be used in all subsequent analysis.
11
To illustrate the prediction of dispersion from canopy morphology, we consider a simple 12 canopy in which the frontal area per unit volume has a step-function profile, which produces a z 1 = z r − ∆h 1 and z 2 = z r + ∆h 2 , the mean-shear dispersion resulting from the step gradient is:
Note that we have assumed that If the vertical diffusion is controlled solely by the local array properties, then Eq. 5 is valid 10 throughout the canopy and is not dependent on mean shear, u (z). Replacing the effective layer 11 depths in Eq. 9 with
which is valid for ∆h < h. Note that Eq. 10 predicts that near-field mean-shear dispersion is 14 non-Fickian: K a increases over time as the cloud increases in size. Using Eq. 3, the velocity 15 difference between the two layers is:
17 so that the near-field dispersion can be predicted from canopy morphology.
18
When both wake-shear and mean-shear processes are present, their dispersion coefficients 19 add. From Eqs. 1, 10, and 11, the total near-field longitudinal dispersion within the canopy K x 20 will be given by:
Strictly speaking, K d will differ in the upper and lower regions of the flow, but, anticipating that 1 K d is only important when the cloud is small and confined to one region of the flow, we make the 2 approximation that u ≈ U and C D = f (U ) for this term. The spatial variance in tracer 3 concentration should therefore evolve such that:
where we have replaced x = U t. As expected, a canopy in which C D a has greater variation over 6 depth will produce greater spreading in a tracer cloud. Also note that Eq. 13 shows that the the variance can more simply be expressed as:
11
The variance will continue to increase non-linearly until ∆h 1 = ∆h 2 = h/2, after which K a will 12 reach a constant value given by Eq. 6 with z 1 = 0 and z 2 = h, and the spatial variance will 13 continue to increase linearly in space and time.
14

Methods
15
Velocity measurements and dye studies were conducted in a 6.7-m-long, 20.3-cm-wide,
16
30.5-cm-tall rectangular plexiglass flume. Over multiple runs, the water depth h = 20 ± 1 cm.
17
Wooden circular dowels with a diameter d = 0.64 cm were arranged randomly in a 6.1-m-long averaged to remove the stem-scale spatial heterogeneity. Smoothed spectra were calculated using 10 a Parzen window.
11
Longitudinal dispersion was explored using slug releases of dye at mid-depth (z r = 10 cm).
12
Rhodamine WT or Rhodamine 6G was released from tygon tubing oriented parallel to the 
Results
1
For all flow rates, water moved faster in the lower, sparser canopy (z = 0-10 cm, 2 a 1 d = 0.012) than in the upper, denser canopy (z = 10-20 cm, a 2 d = 0.024; see Table 1 ). As (≈ 2 cm) that was approximately constant over distance, x (Fig. 2) . Many of the velocity spectra
7
(not shown) contained a shoulder near 1 Hz, corresponding to the frequency of vortex shedding.
8
However, no larger, coherent structures were indicated by the spectra, confirming that the array 9 drag damped turbulence at scales greater than the stem diameter, d. This confirms the assumption 10 in Eq. 5 that transport is dominated by stem-scale turbulence.
11 Table 1 presents the velocity ratio ( u 1 − u 2 ) /U along with the velocity ratio predicted 12 from the distribution of C D a using Eq. 11 and estimating C D with an isolated cylinder formula expected that the stem-scale dispersion reaches its Fickian limit after a distance of
The tracer variance predicted in a step profile from the sum of stem-scale and 7 mean-shear processes (Eq. 13 with β = 3.2) is included in Fig. 3 as a solid line. This curve,
which is not calibrated, shows very good agreement with the observations, supporting the above 9 theory. Even so, note that the prediction tends to underestimate σ 2 x for the lowest velocity case,
10
consistent with the observation that the isolated cylinder approximation for the drag coefficient heterogeneity. The point with no bars is the time-averaged velocity at a single location; its error is 10 expected to be comparable to that of the points directly below it. velocity profile with dispersion predicted using Eq. 10, velocity profile within a canopy of Alisma 22 Table 1 : Average velocity and drag characteristics (mean ± standard error of the mean) in each layer for the slowest and fastest flow conditions. Drag coefficients are calculated using a singlecylinder equation [11] and include 20% error to account for spatial variability within the canopy. 
Flow variable Location
